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Chapter 14 Energy from Nuclear Science

The isotope 2°°U, with an abundance of onl9.7% in natural uranium, is
commonlyused to producelectricity in nucleaffission reactors This isotope has the
distinctive anduseful property of undergoinguclearfission throughinteraction with
thermal-energyneutrons (neutrons withveragespeeds of only a fewm/s). The other
main isotope of uranium?38U, does not undergouclearfission with thermal neutrons,
but it doescaptureneutrons to fornthe isotope?>*Np which then decays t0°°Pu. This
isotope of plutonium undergoauiclearfission with thermal neutrons with a higher
probability than that of*®U. The energy released in the fissiorfot) and?3°Pu, mainly
in the form of kinetic energy of the fission fragments, provitlesheat taun the turbines
that generate electricity at a nuclear fission power plant.

Nuclear Fission Energy

Fig. 14-1. Fission of U after absorption of a thermal neutron.

The relevant nuclear reactions can be written as follows:
23 +In - fission products + neutrons + energy (~200 MeV) (1)

238 +n - 22U + gamma rays 2)
2 L BNp - B%Pu (a series of beta decays). (3)

An integer number ofieutrons, for exampleithertwo, three orfour, are emitted
in the reactions leading to different pairsfission products described ieaction(1). The
average number is 2.43. Some of the neutrons in reaction (1) can be usieéhission
in another?®>U nucleus, thuscontinuing a controlled, self-perpetuatimgclear chain
reaction. Some fraction of the remainingutrons fronreaction(1) are utilized in reaction
(2) to produce>®Pu. The rest are absorbed in other nuclei without further effect.

The isotop€32Th, although not fissionable witthermalneutrons, is a possible
energy source because it absorbs thermal neutrons to produce lorfg-fivedvhich also
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undergoeghermal neutron fission with a high probability. Thiise “big three” readily
fissionable nuclei aré32U, 23%y, and32U.

Fig. 14-2. The reactor vessel of a commercial reactor is inside this containment building.

A typical pressurized (otboiling) water nuclear reactoconsists of acore of
fissionablematerial (UQ, enriched td3.3% to 4% in235U) in which the chain reaction
takes place. A picture of a reactor is shown in Fig. 14-2. The energy reledsedisasion
process, which is primarily in the form of the kinetic energy of the fission fragniesaits
the water. The waterserves both as a neutronoderator (itslows downthe fission
neutrons to thermal energies), and agattnansfer fluid. The chain reaction is controlled
by rods of neutron-absorbingpaterial inserted into thecore. The thermalenergy is
removed fromthe core by the water to an external thermal-enargyverter. In the
pressurized watereactor (PWR), the thermalenergy producesteam for the turbine
through the use of a heat exchanger, whereas in a boiling wattor (BWR), the steam
is produced for direct use in the turbine.

Nuclear reactions liberate a large amount of energy compaxdemaicalreactions.
One fission event results in the release of aB60t MeV of energy, oabout3.2 x 1011
watt-seconds. Thus, 34 1010 fissionsper second produce 1 W thfermalpower. The
fission of 1 g ofuranium or plutonium per day liberates about 1 MW. Thihésenergy
equivalent of 3ons ofcoal or abou600 gallons ofuel oil perday, which when burned
produces approximately 1/4 tonne of carbon dioxide. (A tonne, or metric ton, is 1000 kg.)

Nuclear reactors manufacture their own fuel, since they prcﬁﬁ?@el from238y.
With the total worldwide installed nuclear capacity of 840 MW, (megawatt electrical),
one can eshate that more thah00 tonnes of3%Pu areproducedeach year in reactors
whose primary energy sourcetig fission of23%U. This 23%u can beeprocessed from
used fuel rods and used to power other reactors.

It is actually possible togenerate moré3%Pu than isused up inthe reactor by
surrounding the core with a uraniustanket and generatir?gj”gPu in this blanket. This is
called abreeder reactor. A breedeyactorneeds to be operated with fastutrons, a so-
called“fast breederreactor. In a fast-breeder reactor, wai@nnot beused as aoolant
because it would moderate the neutrons. The smaller fised@s sectionassociated with
the fast neutrons (as compared with thermal neutrons) leads to higher fuel concentrations in
the core and highepower densities, which, in turrgreate significant heattransfer
problems. Liquid sodium metal may be used here as a coolant and heat-thaiasf@nly
one fast breeder reactdhe French Superphénix, isurrently operational and it has
experienced significant problenagiring its operation. Research on breeder reactors has
essentially stopped in the United States because of concerns over nuclear proliferation since
the plutonium bred in the reactor might be used for making weapons. Due to such concerns
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and the complexities of construction amgkration, it isunlikely that breedereactors will
ever come into general operation.

In a yearly operating cycle of a typiddlo00 MW,) pressurized water reactor, the
spent fuel contains about 25 tonnes of uranium and &&ukg of?3%Pu. Some 40% of
the energy produced in the course of a nuclear fuel cycle come<¥em. Since22% of
the electricity generated in the United States comes from nysdesger plantsabout twice
as much electricity is generatdtbm 23%py as is generated from oil-fireglectrical
generating plants.

Some 435 nuclear power plants operating around the world generate8345@Q0
MW, of electricity in 35countries,nearly one-fifth theworld’s electricity supply. Some
countries dependitally on the electricity generated by nuclearergy.France generates
76% of itselectricity from nuclearpower plants; Belgium—56% South Korea—36%,
Switzerland—40%, Sweden—47%, Finland—30%, Japan—33%, taed United
Kingdom—25%. Bulgaria generates 46% of its electricity from nugearer, Hungary—
42%, and the Czech Republic and Slovakia combined—20%. Although the United States is
not a leader in percentage, it has the largest total electric output from nuclear3&haee:
MW, from 109 plants, generating 22% of U.S. electric power.

However,the UnitedStates, whicHed theworld in early nuclear electripower
development, was also first to b#ected by itdecline.Over thepast decadethe U.S.
nuclear electric power industry has receivechew domesticorders due to concerns over
reactor safety, waste disposategulatory uncertainty, increasembsts, anddecreased
electrical demand growth. These samepressuresare now affecting nuclearpower
worldwide, although countriesuch as France and South Korstl have vigorous
programs. Arebirth may be imminent because of impendsmfutions to some athese
problems and because thie problem of globalvarming due tdhe release ofreenhouse
gases in the combustion of fossil fuels.

The public has become suspicious of nuclear energy partly becatineeatdborate
methods used to address safety concerns. Most worrisome is the need for ebeetricall
power to supply the pumps used in emergency core cooling systems in the types of reactors
now used inthe UnitedStates. In araccident, thisexternal supply could possibly be
disrupted leading to a release of radioactivgw reactordesigns use passive safety to
address this problem. Passive safiegtures can béhought of as characteristics of a
reactor that, without operator intervention, will tend to shut or cool a reactor down, keep it
in a safe configuration, and prevewelease of radioactivity. These featufa into two
broad categories—featurtsat aredesigned to prevent accidents, and thibs¢ mitigate
the effects ofaccidents.Many currentproblems arise fronthe huge scale ofreactor
construction projects. Typically, 1000 MVéactors have been constructed site. The
new types of reactors are smaller (e.g. 600 MW) and may be constructed in factories where
uniformity and quality control can produce reactors and operating procéessgsrone to
failure. Examples of theseew designsre two types of AlvancedPassive Light Water
Reactors (APLWRS), the Liguid Metal Reactor (LMR), and the Modular Highp@&eature
Gas-cooled Ractor(MHTGR). The APLWR is thanost developed of thesew reactor
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types. Both the AP-600 (Advanced Passive 600/ pressurized water reactor, and the
SBWR (Simplified Boiling Water Reactor) are 600 MW size, run at lowetemperatures
and with larger water inventories than current light waearctors, andhave passive
emergency core-coolingystemsthat utilize gravity. They both use passivenatural
circulation for the removal of heat from the core.

Nuclear fission reactors, usually pressurized water reactors with energy conversion
based on a steam-turbine cycle, have hesadextensively topower ships.The United
States has built anldunched an impressive number of nucleawered ships—aotal of
155 attackand missilesubmarines, @uided missile cruiserd 8 reactors), and &ircraft
carriers (with a total of 24 reactors) and basrated 9 prototype reactors lamd. Ofthis
total, 22 submarines have been decommissioned or are non-operational. Shipboard reactors
are constructed smaller than similar installatiastore,with special attention given to
maintenance, protection frooollision, and leakagelthough the primaryuse ofnuclear
power hasbeen in submarines and otheilitary vessels, a fewnon-military marine
installations have been demonstrated. Examptdade theRussianicebreaker Lenin and
the United States demonstration merchant ship NS Savannah.

Nuclear Fusion Power

Nuclearfusion reactors, ithey can be made toork, promise virtuallyunlimited
power for the indefinitefuture. This isbecause thduel, isotopes of hydrogen, are
essentially unlimited orkarth. Efforts tocontrol thefusion process and harness it to
produce powehave beemunderway inthe United States and abrotat more than forty
years.

Fig. 14-3. A digram showiig a typical fusion reaction.

Nuclear fusion is the source of energy in the sun and stars where high temperatures
and densities allow the positively-charged nuclei to get doseigh toeach othefor the
(attractive) nuclear force to overcome fnepulsive) electrical force and allofusion to
occur. Fig. 3 shows one fusion reaction. The most promising fusion reaction,

3H+2H - *He + n + 17.6 MeV
involves the radioactive nuclide tritiurH), available from the nuclear production reaction

®Li+n - °H +“*He.
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To produce energy using this reaction, both the magnetic confinement reactor with a
high temperature plasma (gas that has been completely ionized) and the inertial
confinement reactadfwhich utilizes laser implosion technologies) have bewerestigated.
Extremelyhigh plasma temperaturese required in thenagnetic confinement reactor and
difficult laser implosion techniques are requiréat the inertial confinementeactor.
Although significantprogress habeen made in thesavestigations, no workingeactor
that produces more energy than it consumes hastenUnfortunately the funding for
continuing this work has declined, and the work is proceeding at a slower pace.

Although these types of reactors would not hnesfission product waste disposal
problem of fission reactors, fusion reactors generate large number of fast ndaeading,
to large quantities of radioactive byproducts.

Another approach to nuclefwsion—an approaclthat could lead to aneutronic
power (power without neutrons) andn-radioactive nucleanergy—useshe concept of
colliding-beamfusion (CBF). One aneutronic method features tRel + 3He reaction
leading to theproducts'H + “He. However,this requires®He as fuel and terrestrial
sources of this are limited. The Moon ipatentialsource ofHe produced by cosmic-ray
protonshitting the Moon directly and not beirapsorbed by an atmosphere asEanrth.
Another potential approach for colliding beam fusion is'#Bet+ *H reaction leading to the
three *He nuclei.The energy release is in tfierm of charged particles hose kinetic
energy can be converted to electricity with a very high efficiency. No attaéiablesource
of energy comes close to this degree of cleanness and efficienal.clrrent energy
sources, approximately two-thirds of the energy is lost in the form of Wwaateor thermal
pollution. In the CBF approaclkhere is virtually novaste.This design favors safl size
for the greatest efficiencfl00 MW, or less),and wouldlead to eithepower plants with
several reactors or decentralization of energy production.
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